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Abstract
The mass and the wave function of doubly charmed Ξ++cc (ccu) baryon are evaluated
using Green Function Monte Carlo method to solve the three-body problem with Cornell
potential. The mass of Ξ++cc with spin 1/2 is in a good agreement with the LHCb value.
Simulation of the wave function by random walks resulted in a configuration of the
quark-diquark type. The radius of Ξ++cc is much larger than the size needed for a large
isospin splitting. The prediction for the Ωcc mass is presented.
The first detection of a baryon Ξ++cc containing two charm quarks (i.e., having the struc-
ture ccu) has been made at CERN by LHCb collaboration last summer [1]. Its mass was
measured to be 3621 MeV. The existence of such a baryon may be considered is an inevitable
consequence of the existence of the c-quark itself. Calculations of the Ξ++cc -baryon mass have
started almost thirty years ago [2–4]. Probably the first review paper on this subject dates
back to 2002 [5]. A reliable prediction on the double charmed baryon mass and properties
turned out to be a difficult talk – see a list of references in [1]. This is not surprising since
the theoretical description of the QCD “hydrogen atom” – charmonium, to a great extent
relies on the phenomenological input rather than on the first principles of QCD. Connection
between different approaches to the double charmed baryons, e.g., the quark-diquark model,
the potential model, and the QCD sum rules, their interreletion and relation to the funda-
mental QCD Lagrangian are obscure. The aim of the present note is to investigate the Ξ++cc
mass and the structure of the wave function taking our works [3, 4] as a starting point for a
discussion. In [3, 4] the spin-averaged masses and the wave functions of multiquark systems
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made up to 12 quarks were calculated in potential model through Green Function Monte
Carlo, or random walks method – see below.
Despite the fact that QCD gives no sound arguments in favor of the effective potential with
only two-body forces, the constituent quark model has given results which are in surprisingly
good agreement with experimental hadron spectroscopy. Attempts to apply this approach to
multiquark systems encounter serious difficulties even if one ignores problems like complicated
QCD structure in the infrared region. With growing number of particles, especially with
non-equal masses, and for the complicated form of the potential, the traditional methods
– variational, integral equations, hyper-spherical functions, face difficulties. The accuracy,
in particular that of the many-body wave function determination, becomes uncontrollable
and the computation time increases catastrophically. This is true even for the three quark
system. The convergence for the wave function is much slower than for the binding energy
both in the harmonic oscillation expansion and in the hyperspherical formalism [2]. In [3, 4]
the spectrum and the wave functions of multiquark systems were investigated using the Green
Function Monte Carlo method (GFMC). The GFMC is based on the idea attributed to Fermi
that the imaginary time Schrodinger equation is equivalent to the diffusion equation with
branching (sources and sinks). The GFMC allows to calculate easily and with high accuracy
the spectrum and, what is most important, the wave function of a multiquark system in
various models. Originally GFMC has been used to calculate the ground-state properties of
a variety of systems in statistical and atomic physics [6]. At present it is the most powerful
method to solve the many-body problem [7]. Similar methods have been used in Quantum
Field Theory under the names Projector Monte Carlo [8] and Guided Random Walks [9]. The
description of the GFMC is beyond the scope of this paper. We only stress that the method
does not require to solve differential or integral equations for the wave function. There is
no need even to write down such equations. In GFMC the exact many-body Schrodinger
equation is represented by a random walk in the many-dimensional space in such a way that
physical averages are exactly calculated given sufficient computational resources. At this
point we emphasize the need to disentangle the accuracy of computations from possibly large
uncertainty related to the use of a particular model. When we tried to apply GFMC to
multiquark system, i.e., to a system of fermions, we encounter a difficulty. For the fermionic
system the kernel of the Green function may take a negative value at a certain step of the
sampling procedure. A recipe to circumvent this difficulty was proposed in [3]. We note in
passing that similar problem does not allow to perform lattice Monte Carlo investigation of
quark matter properties at finite density.
Now we come to the description of the interquark interaction chosen for the calculation
of the ground state mass of (ccu) system and evaluation of the wave function. For a system
of N quarks the interaction between quarks is taken in the form
Vij(rij) = λiλjV8(rij), (1)
with λi being the Gell-Mann matrices. Solving the quark problem with N ≥ 4 with the
interaction (1) one encounters a problem that the coupling of colors of the constituents into a
color singlet is not unique – see [4] for a discussion. For V8(r) we have taken the well-known
Cornell potential [10]
V8(r) = −
3
16
(
−
κ
r
+
r
a2
+ Cf
)
, (2)
where κ = 0.52 and a = 2.34 GeV−1 which corresponds to the string tension σ = a−2 = 0.18
GeV2. For the baryon 〈λiλj〉 = −8/3. We would like to present two more arguments in
addition to the well known ones [10] in support of the Cornell potential. Slightly varying its
parameters one may obtain a good fit of the lattice simulation of the quark-antiquark static
potential [11]. Cornell like behavior arises also from AdS/QFT correspondence [12].
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In Ref. [13] an excellent fit of both meson and baryon sectors has been obtained under the
assumption that the constant Cf is weakly flavor dependent. Following [13] we have chosen
the input parameters for (ccu) baryon (all values in GeV units)
mu = 0.33, mc = 1.84, Cuc = −0.92. (3)
The value of mc might look too high but it corresponds to the Classical Cornell set of param-
eters [10].
Next one has to evaluate the contribution from spin-spin splitting [14]
Vsisj =
16pi
9
αS
sisj
mimj
δ(3)(rij). (4)
We have calculated the ground-state expectation values δij = 〈δ(rij)〉, where 〈 . . . 〉 means
the average over the ground-state wave function. To obtain δij we made a smearing over the
small sphere around the origin and then averaged over a sequence of such spheres. For (ccu)
baryon we obtain the following results for 103 δij (GeV
3)
δcc = 45.25± 2.90, δcu = 11.28± 1.94. (5)
The GFMC method allows to obtain the wave function and its arbitrary moments with the
accuracy restricted only by the computational resources. In particular, there is no need
to introduce the quark-diquark structure as a forced anzatz. The system will form such
configuration by itself if it corresponds to the physical picture. This turned out to be the case
for (ccu) baryon. Indeed, the ground-state expectation values of
〈
r2ij
〉1/2
in GeV−1 are
〈
r2cc
〉1/2
= 2.322± 0.024,
〈
r2cu
〉1/2
= 3.407± 0.035. (6)
If we identify 〈r2cc〉
1/2
≃ 0.46 fm with the size of a diquark, then it is more compact one than a
diquark with rd = 0.6 fm introduced ad hoc in [15]. It is instructive to look at the interquark
distances (6) from an angle of the Ξ++cc −Ξ
+
cc isospin splitting. This is a long standing puzzle.
More than a decade ago SELEX Collaboration reported [16] the observation of the Ξ+cc ccd
baryon with a mass 3519 MeV. However, this result was not confirmed by other experiments
(see [1] for references). The isospin splitting of about 100 MeV between ccu and ccd states
and its sign are hardly possible to explain. The d-quark is heavier than the u-quark and
to overcome the “wrong” sign of the splitting by about 100 MeV the electromagnetic mass
difference should be very large. This is turn requires the Ξ++cc baryon to be very compact [17].
To obtain 9 MeV splitting the radius should satisfy
√
〈r2〉 < 0.26 fm [17]. From (6) we see
that the diquark size is 0.46 fm. If we identify the baryon radius with three quarks hyperradius
ρ =
√
η2 + ξ2 with η and ξ being the Jacobi coordinates [2], the result is ρ = (0.53− 0.57)
fm depending on the value of the Delves angle tanϕ = ξ/ρ. Therefore our result on the Ξ++cc
wave function strongly contradicts the abnormal value and the sign of the conjectural isospin
splitting.
Our result for the center of gravity (spin-averaged) mass Ξ++cc baryon is
m
[
Ξ++cc
]
= 3632.8± 2.4 MeV. (7)
The error characterizes the accuracy of the GFMC calculations with the Cornell potential
parameters specified above. We did not vary these parameters since they were fitted to a
great body of observables. Next we take into account the hyperfine interaction (4) which
induces the splitting between the lowest state with S = 1/2 and its S = 3/2 partner.
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Taking into account that statistics requires the cc pair to be in a spin 1 state, we can
write the following equation for the hyperfine energy shift
∆Ehf =
4pi
9
αS
{
δcc
m2c
+
2δcu
mcmu
[
S(S + 1)−
11
4
]}
. (8)
We used the Cornell value of αS =
3
4
κ = 0.39. With this value of αS baryon magnetic
moments were successfully described [18]. Equation (8) yields
∆Ehf (S = 1/2) = −32.2 MeV, ∆Ehf (S = 3/2) = 26.9 MeV. (9)
and
m
[
Ξ1/2++cc
]
= 3601 MeV, m
[
Ξ3/2++cc
]
= 3660 MeV. (10)
In (10) the uncertainty of GFMC calculations which are about (2−3) MeV are not presented
since as repeatedly stated above the model-dependent theoretical uncertainty may be much
larger as one can see from theoretical predictions presented in the reference list in [1].
Another doubly charmed baryon which may be observed soon is Ωcc with quark content
(ccs). Our result for its c.o.g. is
m [Ωcc] = 3760.7± 2.4 MeV. (11)
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